Laser dyes with terphenyl and quaterphenyl as the fluorophors and with acyclic ether auxofluors were improved when the ether groups were made cyclic. Dyes containing cyclic ethers in 5-and 6-membered rings were observed to lase in the 360-400 nm region with better lifetime and/or solubility than their acyclic analogs. In one case the laser output wavelength of a quaterphenyl fitted with cyclic ether auxofluors was red-shifted enough to match the wavelength of a sexiphenyl without auxofluors.
I. INTRODUCTION
Oligophenylenes such as quaterphenyl 10 (Figure 4 ) have been among the most successful laser dyes in the ultraviolet region of the spectrum. The lack of solubility of most oligophenylenes, especially in polar non-toxic solvents, has severely limited their use. 2 Attempts to place alkyl substituents on the internal ortho positions of the aromatic rings improves the solubility, but reduces both the fluorescence quan-tum yield (FQE) and the conversion efficiency. 3'4 Both the quantum yield and the conversion efficiency can be restored, however, if ortho positions on adjacent rings are bridged by a single carbon substituted with gem-dialkyl groups. 5 Additionally these bridged oligophenylenes show dramatically improved solubility properties in useful laser solvents. Placement of t-butyl groups on the outer meta positions of quaterphenyl gives a dye with fairly high output, but very short lifetime. 4 Sulfonation of quaterphenyl produces a dye, "polyphenyl 1", which is soluble only in viscous solvents, and apparently suitable only for low power outputs. 6 Attempts to promote solubility with alkoxy groups on the meta and para positions of the outer phenyl rings has little effect on solubility unless the groups are large,2 as in the most successful ultraviolet-emitting dye in current use--BBQ, dye 10 ( Figure 4 ). Even BBQ, however, is not soluble enough in methanol or ethanol for practical use in those solvents. 5 Placement of alkoxy groups on either the outer meta positions or any internal ortho positions gives dyes with very short lifetimes. 4 For some time we have sought a way to extend the useful range of the laser emission of oligophenylene laser dyes beyond the ultraviolet into the visible. Such a red-shift in the emission spectrum would require the attachment of auxofluors along the main axis of the oligophenylene to extend the conjugation of. the r-electron system. Dialkylamino groups have been very successful auxofluors on coumarins, rhodamines, and other types of laser dyes. Cyclic dialkylamino groups, such as julolidine or N-alkyltetrahydroquinolines incorporated into coumarins, rhodamines, and other types of laser dyes, give dyes with improved energy output and lifetime. 7 The incorporation of a julolidine group also causes a red-shift in the laser output. However, Pavlopoulos 8 reported that simple dialkylamino substituents in para positions on terphenyl and quaterphenyl give unstable laser dyes. A terphenyl with a monocyclic dialkylamino group on one end, 6-(4-biphenylyl)-l-ethyl-l,2,3,4-tetrahydroquinoline (dye 6, Figure 2 , with N-ethyl in place of O), lased poorly when flashlamp pumped in toluene. 9 Thus oligophenylenes substituted with alkylamino groups alone do not look promising as laser dyes, at least for the ultraviolet region.
A quaterphenyl substituted with methoxy groups in the para positions of the outer rings can be rendered soluble by the incorporation of o,o'-bridging with a dipropylmethylene group. Dye 12 ( Figure 5) bearing methoxy groups as auxofluors lases with no loss in lifetime vs. the corresponding dye lacking the ether auxofluors when flashlamp pumped. 5 Additionally the laser emission of 12 is shifted to longer wavelength, and the energy output of the laser is enhanced when compared with that of the parent compound lacking the methoxy groups. One cyclic ether analog of 12 (dye 13 in Figure 5 ) has as high an energy output in ethanol as dye 12 , and its emission spectrum is red-shifted by an additional 5 nm. Since the properties of 13 have not been rationalized, 5 they will be discussed in this paper as will our further efforts in the testing of cyclic ether auxofluors on oligophenylenes. 11 attributed the increase in extinction coefficient to enhanced conjugation of one of the non-bonded electron pairs on the other oxygen with the :r-electrons of the benzene ring in the cyclic ethers. The angles 0 of the C--O--C bonds of the ethers given in Figure 1 were calculated, where the completely planar (0 0) five-membered ring of coumaran seems to represent the ideal case. Still 16 and later by a variant of Baddeley's method, 17 which gave purer product. Dye 5 has been reported in poor yield from GombergBachmann coupling. 15 We prepared dyes 5-7 by oxidative decarboxylation of the Diels-Alder adduct of dimethyl acetylenedicarboxylate and the appropriate diene as described forp-terphenyl by Fieser. 18 The dienes were made by Wittig-Horner reactions. The aldehyde required for dye 5, p-anisaldehyde, is available from Aldrich. The aldehydes required for dyes 6 and 7 were prepared as described by Baddeley et al. 17 Dye $ was prepared according to Ronlhn et al. 19 The 6-bromochroman required for dyes 9, 11 There was no significant difference in the longwave absorption peak of dyes 5-7 in DMF. The extinction coefficient did not follow the pattern shown in Figure 1 , although that of dye 7 was greater than that of dye 6 5 and most likely, better solubility.
4,4'"-Dialkoxyquaterphenyls (Figure 4)
The extension of the encouraging results with dye 9 to the next higher oligophenylene was attempted by synthesis of dye 11 of it with BBQ (dye 10). The dimethoxy homolog of dye 10 is known, 19 but the extreme drop in solubility z going from terphenyls to quaterphenyls, often a factor of =50, meant that the dimethoxy compound (dye 10 where R methyl) would not have been soluble enough for testing, while dye l0 itself is commercially available.
Here again, the absorption maxima, the extinction coefficients, the fluorescence emission peaks, and the FQEs in cyclohexane of dyes 10 R -CH2H(CH) 5 here. An attempt was made to prepare dye 14 without the outer four propyl groups; but no product was isolated. We think this was due to oxidation to the furan during Grignard coupling, which does, after all, involve oxidation of certain carbon atoms initially bearing bromine from an oxidation number of 1-up to 0. 27 No Grignard coupling had been involved in the synthesis of the dihydrofuran (coumaran) dye 7.
The resonance stabilization of furan lowers the energy for such an oxidation. The dihydropyrans (chromans) do not gain a comparable resonance stability on oxidation to pyrans. The well-known 28 2,2-dialkyl-2,3-dihydrobenzofurans are notoriously reactive to both acids z9 and radicals. So to prevent aromatization, as well as to minimize other types of reactivity, the less well-known 3 3,3-dialkyl-2,3-dihydrobenzofurans were chosen. To maximize solubility propyl groups were chosen over other simple alkyl groups. We found that in the series of 9,9-dialkylfluorenes from methyl to butyl, the dipropyl homolog had the lowest MP. While We are now investigating 4,4'""-dialkoxysexiphenyls to provide laser dyes capable of peak output wavelength >400 nm.
IV. CONCLUSIONS
Five new oligophenylene dyes (6, 7, 9, 11, 14) containing cyclic ether auxofluors were prepared and their optical properties were compared with those of acyclic analogs and with those of one previously reported dye with cyclic ether auxofluors (13) . The three new dyes with cyclic ether auxofluors at both ends lased as well or better than their acyclic counterparts. The dyes with an ether auxofluor at only one end did not lase at all, at least when flashlamp-pumped. The exact reason for the superiority of dialkoxyterphenyls $ and 9 to the monoalkoxyterphenyls 5, 6 and 7 as laser dyes remains obscure.
In one case, the dye with cyclic ether auxofluors (9) showed lower threshold and much better energy output than its acyclic counterpart (8) . In one case, better lifetime and more red-shifted lasing output was obtained from a dye with non-aromatizable dihydrofuran auxofluors (14) than from either adihydropyran (13) or acyclic (12) counterpart.
